Abstract. Meltwater discharge and electrical conductivity were measured in eight 1 ϫ 1 m lysimeters, and snow accumulation and electrical conductivity of melted samples were measured in snow pits during four snowmelt seasons at Mammoth Mountain, California. The peak snow-water equivalent ranged from 0.57 to 2.92 m over the four melt seasons. Lysimeter discharges ranged from 20% to 205% of the mean flow; however, mean lysimeter flow was representative of snow ablation observed in snow pits. The electrical conductivity in snow pit samples and meltwater averaged 2-3 S cm Ϫ1 . Peak meltwater electrical conductivity ranged from 6 to 14 times the bulk premelt snowpack electrical conductivity. Snow depth did not affect the magnitude of the ionic pulse, and ion depletion as a function of snow ablation was similar from year to year despite interannual contrasts in melt rate and snow accumulation. Diel fluctuations in electrical conductivity were more pronounced in shallower snowpacks.
Introduction
When seasonal snow accumulates during the winter, impurities present in the snowfall and material deposited on the snow surface between storms are stored within the snowpack. Metamorphic processes tend to segregate the impurities to the exterior of the snow grains [Hewitt et al., 1991] , but in the absence of midwinter melt or rain events, ionic impurities generally remain stored in the pack until the onset of spring melt, at which time they begin elution from the snowpack [Tranter, 1991] . An "ionic pulse" of material may be released into the aquatic and soil environment in the first few days following the start of melt, when ion concentrations are several times that of the parent snowpack. Temperate alpine regions are frequently sensitive to acid deposition because of thin, acidic soils and low-alkalinity surface waters and are also hydrologically dominated by seasonal snowmelt. The rapid release of the ionic load stored in the snowpack, as well as trace species such as metals or organochlorines, into such a weakly buffered and dilute aquatic environment has the potential for ecological impacts [e.g., Melack and Stoddard, 1991] .
The development of heterogeneous flow fields within snowpacks has been observed using dyes [Gerdel, 1954; Marsh and Woo, 1984a; Schneebeli, 1995] , temperature fields [Conway and Benedict, 1994] , and various forms of snowpack excavation [Kattelmann, 1985; McGurk and Marsh, 1995] . The effect of spatially varying flow rates on the meltwater hydrograph has been modeled by Colbeck [1979] and Marsh and Woo [1984b] . Causes of variability in flow issuing from the snowpack are variation in melt generated at the surface of the pack, inhomogeneous and time-varying hydrologic properties of the snowpack, rerouting of melt by topography and snow stratigraphy, and the nonlinearity of flow through unsaturated porous media. For modeling purposes, percolation through the snowpack is often treated as a one-dimensional process, whereas in reality the flow field within the pack is three-dimensional, and lateral movement of meltwater results in a spatial redistribution of water between the generation of melt at the surface of the pack and arrival at the snow-soil interface. As meltwater moves through the snowpack, solute is incorporated into the flowing water; hence the spatial variability of meltwater flow from the snowpack causes spatial variability in the release of solute from the snowpack.
The purpose of the work reported here was to study the relation between meltwater and solute fluxes issuing from melting temperate snow under various snowpack and meteorological conditions. We address three questions: (1) What factors govern the magnitude of the ionic pulse? (2) How does the relative timing of the onset of flow at the base of the pack affect the solute flux observed there? (3) What factors govern the various diel patterns we observe in solute concentrations?
Methods
The two main field observations of this study were (1) meltwater discharge at the base of the snowpack, observed using multiple snowmelt lysimeters, and (2) snow-water equivalent (SWE) and chemical load stored in the snowpack, observed in snow pits. Tracer tests were also conducted with dyes and ionic tracers. The observations span the spring melt seasons for four years (1992) (1993) (1994) (1995) .
Data were collected at a research site located on Mammoth Mountain, California (37Њ37Ј30ЉN, 119Њ2Ј30ЉW; 2900 m above mean sea level), a ski resort located on the crest of the Sierra Nevada, California. The hydrology of the site is dominated by a deep winter snowpack deposited by wintertime frontal storms moving east from the Pacific Ocean, subsequent spring melt, and generally mild dry summers punctuated by sporadic local convective storms. The site is sparsely wooded with rolling terrain. Meltwater was collected in eight 1 ϫ 1 m high-density polyethylene zero-tension lysimeters, six of which were equipped with electrical conductivity (EC) probes. The lysimeters were each bounded by 0.2-m vertical walls to prevent pressure-driven lateral flow from the basal saturated layer of the snowpack.
Prior to snowfall, the lysimeters were rinsed with distilled
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Paper number 97WR03469. 0043-1397/98/97WR-03469$09.00 deionized water and then wrapped in plastic sheeting to prevent dry deposition or wind-blown dust from accumulating in the lysimeters prior to snowfall. At the time of the winter's first snowfall the plastic sheeting was removed and the snowpack allowed to accumulate atop the lysimeters. Prior to spring melt, the lysimeter drains were rinsed again by backflushing the drains until the rinse water had EC in the range 1-3 S cm
Ϫ1
. Meltwater flow rates were measured at 0.5-hour intervals using Sierra Misco 0.14-L-capacity tipping bucket gauges, and meltwater EC was measured with Fischer Scientific portable conductivity meters by immersing an EC probe in the meltwater stream prior to the tipping bucket measurement and was standardized to 25ЊC. Bales et al. [1993] showed that EC serves as a proxy measure of bulk ionic concentration in snowmelt. The goal of these measurements was to obtain a frequently sampled time series of solute flux from multiple lysimeters; therefore, because of their ease, low cost, and the capability of making real-time measurements, EC measurements were deemed preferable to sampling the meltwater stream and analyzing for individual ions. At low solute concentrations, water contributes a significant portion of the conductivity signal, and pure water equilibrated with atmospheric levels of CO 2 contributes about 0.6 S cm Ϫ1 to the conductivity signal [Harrison and Raymond, 1976] . Our primary interest was in spatial and temporal patterns rather than in absolute solute load; therefore EC was not converted into equivalent ion concentration. The EC electrodes were immersed in the meltwater stream by inserting a short dead-end pipe in the lysimeter discharge pipe in which the meltwater pooled and into which the EC probe was inserted. It was desirable to have the reservoir be as small as possible to minimize delays in response due to mixing in the reservoir; however, a few days worth of data were lost because of incomplete immersion of the electrodes. The lysimeters were arranged in two clusters separated by approximately 20 m (Figure 1 ). The lysimeter drains were equipped with heating tapes to prevent freezing of water in the drains.
Snow pits were dug at 1-to 2-week intervals and sampled in 0.1-m increments for snow density using 1-L stainless steel density cutters, and 0.4-m increments for EC, by collecting sample cores using a PVC sampling tube and storing the samples for later filtration and EC measurement in the laboratory. Samples were filtered through 0.45-m filters, and conductivity was measured using a Radiometer CDM 80 conductivity meter standardized to equivalent EC at 25ЊC. In addition to monitoring the natural ionic pulse, a series of tracer tests were carried out during 1994 and 1995 using 0.125 M Li 2 CO 3 (EC ϭ 14,170 S cm Ϫ1 ) applied to the surface of the snow above the lysimeters. An impulse of solute was introduced at the top of the snowpack by applying an aqueous mist to the snow surface above the lysimeter clusters, and the efflux of tracer was measured using the same EC measuring setup as used for monitoring the natural ionic pulse. This provided an EC signal resulting from a known initial distribution of solute. Dye tracers were used on plots adjacent to the lysimeter array, and snow pits were dug to visually observe the patterns of meltwater and solute movement within the pack.
Results
Over four melt seasons (1992-1995) SWE accumulations in snow pits ranged from 0.57 m to 2.92 m (Table 1) . Snow depths varied across the site, both spatially and temporally, because of drifting of wind-blown snow. Snow depths at the north snow pits and lysimeters were consistently shallower than over the south pits and lysimeters, yet flow rates and total cumulative flows in the two lysimeter clusters were not significantly different (Tables 2 and 3) . Male and Gray [1981] suggest that a lysimeter area equal to the square of the snow depth is required to obtain basal flow volumes representative of the surface melt; this rule of thumb is corroborated by Sommerfeld et al. [1994] , who used data from twelve 0.2-m 2 lysimeters to determine that discharge was correlated over distances of 4 -6 m for meltwater issuing from a 1.5-to 2.5-m snowpack. At Mammoth Mountain, lysimeters of 4 -25 m 2 would thus be required to collect representative mean flows. Thus we anticipated variability among individual lysimeters due to flow rate spatial variability, and that the mean value of all the lysimeters would be representative of the mean flow rate. Comparison of the mean cumulative lysimeter discharge with the snow ablation observed in snow pits suggests that the mean of the eight lysimeters indeed does capture the mean flow rate (Figure 2 ). The discrepancy between observed ablation and meltwater discharge during 1995 is at least partly attributable to greater snow depths at the location of the snow pit and because only one snow pit site was excavated, and may also be partly due to routing of meltwater away from the lysimeters by lateral flow.
Volume-weighted EC of the two snow pits for 1993 and 1994 were similar (Table 1 ). Figure 3 shows the average daily discharge of all the lysimeters and the daily mean concentration factor (CF) for each lysimeter, where the CF is the instantaneous EC of the lysimeter discharge divided by the volumeweighted mean EC of the peak-accumulation snow pit. The peak CF occurred near the beginning of melt in all four years, but there was considerable variability between lysimeters in the magnitude of the peak CF and the rate at which CF declined as melt progressed. Peak meltwater EC of 10 to 40 S cm Ϫ1 occurred at or near the onset of flow, followed by a decline over a period of several days to the 2-to 3-S cm Ϫ1 range ( Figure 4 ). The highest meltwater EC was seen in lysimeter 2 during 1994, when intermittent flow began at low rates through a shallow pack ( Figure 4c ). In some lysimeters a diel signal was superimposed upon the general decline in EC. The diel signal was more pronounced during 1992 and 1994 (Figures 4a and 4c) than during 1993 and 1995 (Figures 4b and 4d ). The diel pattern was sometimes characterized by a sharp increase in EC associated with the arrival of the daily melt wave (e.g., lysimeter 1 in Figure 4a ); at other times, the daily melt wave corresponded to a sharp decrease in EC (e.g., lysimeter 7 in Figure 4c ).
In 1992 and 1993, lysimeters that began to flow earliest had the highest initial EC, suggesting that solute was routed through the earliest developed flow paths, and when water reached the late-starting lysimeters, the pack had already been substantially depleted of its ionic load. During 1992, lysimeters 3 and 6 started flowing at days of year (DY) 110 and 120, respectively, with EC in the range Ͻ5 S cm
Ϫ1
. This EC was substantially lower than lysimeters 1, 4, and 5, which began flowing on DYs 102, 99, and 105, respectively, with EC of 10 -20 S cm Ϫ1 (Figure 4a) . A similar pattern of relatively high EC in the earlier flowing lysimeters was observed during 1993 ( Figure 4b ). The 1994 melt season was characterized by flow starting for a few days around DY 110 in all lysimeters and then stopping for about 2 weeks. There was a relatively strong ionic pulse at the start of flow, with a pronounced daily cycle in some lysimeters in which EC declined rapidly with the arrival of the daily melt wave. Lysimeters 1 and 2 had the highest naturally occurring EC that was observed during the study (Figure 4c ). In 1995 melt was delayed by late season storms, and meltwater efflux did not climb above 1 cm day Ϫ1 in seven of the eight lysimeters until after DY 170; however, several lysimeters maintained very low flow rates of a few mm day Despite much interannual variation in SWE accumulation (Table 1) , meltwater hydrograph (Figure 3) , and ion load (Table 1), the fraction of ion load eluted as a function of SWE ablated was similar from year to year ( Figure 5 ).
The stratigraphy of the premelt spring snowpack was typically characterized by abundant ice lenses, thick equilibriumform storm layers, and immature depth hoar at the base of the 
Total discharge expressed as percent of mean. EC of snowmelt expressed as percent of parent snowpack. Missing EC were either not measured or affected by tracer tests. snowpack (e.g., Figure 6 ). EC measured in the snow pits was remarkably similar between the two snow pits, suggesting little lateral spatial variability in bulk solute concentration (i.e., the depth-averaged volume-weighted concentration) within the snowpack at peak accumulation (Table 1) . The similar bulk concentrations seen in the the pairs of snowpits during years 1993 and 1994 are consistent with the observations of Williams and Melack [1991] , that bulk solute concentrations within Sierran snow were less variable than SWE accumulation. Ionic tracer applications moved rapidly through the snowpack (e.g., Figure 7 ) and were completely removed from the snowpack in a few days.
Discussion
The spatial variability of flow rate suggested that meltwater (and consequently solute) underwent lateral redistribution as it moved from the surface to the base of the snowpack. Previous studies have observed similar variability. For example, Marsh and Woo [1984a] found that daily meltwater flow rates from a 1.0-m 2 lysimeter and two 0.25-m 2 lysimeters agreed within 10%, yet flow rates from 16 individual partitions of one of the 0.25-m 2 lysimeters draining an 0.5-m arctic snowpack varied from 0 to 2.4 times the mean daily flow rate. In a temperate 2-m snowpack, Kattelmann [1989] observed that among four 6-m 2 lysimeters, three had monthly flow volumes that were within 15% of one another, but the fourth lysimeter received considerably larger flows, which were attributed to lateral flow because of microtopography of the ground surface and snowpack conditions resulting from an inhomogeneous radiation environment. When two of the 6-m 2 lysimeters were subdivided into thirds, greater variability was observed in meltwater volumes, similar to the observations of Marsh and Woo [1984a] . Quantitative intercomparison of the spatial variability observed by the various workers cited above is confounded by differing instrumental designs and experimental scales; however, the observation of heterogeneous flow rates is universal in studies using multiple small lysimeters. The snowpack at Mammoth Mountain typically contained abundant ice layers due to extended periods of clear, mild weather between winter storms; by using dye as a visual tracer, these ice lenses were observed to redirect percolating meltwater, similar to the dye tracer patterns observed by Marsh and Woo [1984a] . As is typical of melting seasonal snowpacks, an ice layer was observed in snow pits at the snow-soil interface after meltwater reached the bottom of the snowpack [e.g., Dunne et al., 1976; Marsh and Woo, 1984a; Jordan, 1983] . It is likely that ice layers, either within the pack or at the snow-lysimeter interface, delayed the onset of flow in some lysimeters.
The percentage of mean flow and volume-weighted mean EC shown in Table 3 show no clear correlation between the relative total discharge and mean ion concentration in different lysimeters. In contrast, Figures 4a and 4b suggest that areas of the snowpack where meltwater reached the base the earliest had the highest peak CF (CF p ). Our observation that spatial variability in solute concentrations is linked to the heterogeneity of the flow field is similar to the results of previous work. Bales et al. [1990] used ten 0.2-m 2 lysimeters to observe the plot-scale variability of meltwater and solute release and found that the chemical signal due to both unadulterated snow and snow that had been dosed with ionic tracer was highly variable between lysimeters and that the highest concentrations occurred during the first few days of meltwater flow. Marsh and Pomeroy [1993] used a 0.25-m 2 lysimeter divided into 16 compartments to analyze the relation between daily flow and major anion concentration and found that flow rates were more variable at the onset of melt than later in the melt season and that areas of the pack with relatively high flow rates were generally associated with relatively lower anion concentrations. Harrington et al. [1996] found that when homogeneous snow dosed with ionic tracer was melted under laboratory conditions, the areas where meltwater reached the bottom of the snowpack the earliest had slightly lower ion concentrations, suggesting dilution of solute in flow fingers by rapid movement of meltwater from the surface of the snowpack. Solute concentrations can respond rapidly to changing flow conditions, where freezing of the pack results in increasing concentrations due to the exclusion of ions from growing ice grains, and melting produces reductions in concentration [Davis et al., 1995] . The arrival of a daily pulse of dilute meltwater at the base of the snowpack is often associated with a decrease in concentration; however, our observation of occasional increases in EC associated with the arrival of the daily wetting is not reported in the literature [Colbeck, 1981; Bales et al., 1993] .
The levels of EC observed at Mammoth Mountain reflect a low level of atmospheric loading at the site. The volumeweighted mean EC of the snowpits never exceeded 3 S cm Ϫ1 , whereas snowpack EC of 24 S cm Ϫ1 have been reported in the Tien Shan of China [Williams et al., 1992] , 7.1 S cm Ϫ1 in eastern Canada [Jones and Devarennes, 1995] , 4.7-5.2 S cm Ϫ1 in Wyoming [Bales et al., 1990] , and 5.9 -34 S cm Ϫ1 in Japan [Suzuki, 1995] . The low levels of ionic loading observed at Mammoth Mountain were consistent with low snowpack solute concentrations from other Sierran sites [Williams and Melack, 1991; Melack and Stoddard, 1991] .
The higher ionic pulse observed during 1994 compared to 1992 and 1993 is consistent with the hypothesis that low flow rates and melt-freeze cycling led to a higher CF p . Melt-freeze cycles cause ions originating from the upper portions of the snowpack to accumulate near the bottom of the pack [Colbeck, 1981] . At low flow rates the proportion of dilute flowing meltwater to solute-laden immobile interstitial water is relatively low and hydrodynamic dispersion is relatively low, leading to relatively high concentrations at the wetting front compared to higher flow rates. The combination of melt-freeze cycles during snowpack ripening and low flow rates at the onset of meltwater flow allow the maximum amount of solute to be removed in the minimum amount of meltwater; hence these conditions should result in the highest CF p [Colbeck, 1981; Davis et al., 1995] . However, in 1995, the year with the lowest initial flow rates, a CF p of 6 was recorded, similar 1992 and 1993. Possible explanations for the low ionic pulse in 1995 are that under the very deep snowpack, the lysimeters simply missed the ionic pulse, either because it was routed around the lysimeters in preferential flow paths or because melting due to heat conducted from the ground diluted the ionic pulse. It is unlikely that heat conducted from the ground caused the diminished ionic pulse, because ground heat conduction is usually a minor component of the snowpack energy budget [e.g., Marks and Dozier, 1992] . The meltwater transporting the ionic pulse may have missed the lysimeters because the 1995 snowpack at the site contained drifts, which when situated atop the lysimeters may have routed water laterally down off the drift away from the lysimeters.
Diel patterns in EC tended to be more pronounced in shallower snowpacks (1992 and 1994) , probably because fluctuations in concentration due to freezing and melting at the surface of the pack were attenuated less when propagating through the shallower snowpacks. During 1992, the diel pattern was generally characterized by an increase in EC with the arrival of the daily melt wave (EC correlated with flow rate), whereas during 1994 the arrival of the daily melt wave was associated with a decrease in EC (EC anticorrelated with flow rate). Clearly, if the meltwater generated at the surface of the pack is more dilute than the water lower in the pack, when the daily melt wave reaches the base of the pack, EC will decrease. Conversely, if the meltwater generated at the surface is less dilute, EC will rise when the melt wave reaches the base of the pack. This is easily demonstrated by applying an ionic tracer to the surface of a ripe snowpack ( Figure 7) ; however, it is unclear how this circumstance arises naturally, where the daily melt wave is repeatedly associated with an increase in EC, as in lysimeter 1, Figure 4a . Possible explanations are dry deposition of ionizable material to the surface of the snowpack, slow dissolution of particulate matter within the snowpack, or the relative concentrations in the snow grains versus the interstitial water. Dry deposition fluxes are too small to account for the observed daily fluctuations in EC [Wolford, 1992] , and if dry deposition were the cause, one would not expect the diel signal to fade out as the melt season progressed. Given that the diel pattern of solute load is unpredictable and that the arrival time of the melt wave shifts as the depth of the snowpack decreases, sampling protocols for meltwater chemistry should include provisions for time-integrated sampling. The snow surface energy balance affects the magnitude of the diel EC signal [Suzuki, 1991] and the magnitude of the overall ionic pulse [Williams et al., 1996] . By using an energy balance snowmelt model (April 13, 1994) . Classification scheme from Colbeck [1986] . IIA1, dry snow, equilibrium form, initial rounding of precipitate; IIA2, dry snow, equilibrium form, fully rounded; IIC2, dry snow, kinetic form, solid crystals; IIIC, wet snow, slush. Asterisks indicate ice layers 1-3 cm thick.
(SNTHERM [Jordan, 1991] ) to calculate the daily change in heat content of the snowpack during the 10 days following the onset of flow, we found that similar daily snowpack heat content fluctuations prevailed during times when diel signal was pronounced (1994) and times when it was not (1993). This suggests that the more prominent diel signal of 1994 was a reflection of concentration changes due to nighttime freezing propagating through the relatively shallow snowpack rather than due to a contrast in surface energy balance conditions between 1993 and 1994. Bales et al. [1993] and Suzuki [1991] observed sharp conductivity declines in EC with the arrival of the daily wetting front, similar to the patterns observed at DYs 108 -112 in 1994 (Figure 4c) . The prevalence of reports of flow-anticorrelated EC in the literature suggests that this type of pattern is more common, and our observation of flow-correlated signals is likely to occur only at low levels of ion flux, where signals due to minor processes such as particulate dissolution or release of solute from grain interiors are not swamped by the signal due to release of ions from grain surfaces and interstitial water.
A conceptual model of solute release from snow that has been used by several workers is that solute is transferred from an immobile liquid phase to a mobile liquid phase as a wetting front of mobile meltwater percolates through the snowpack [Colbeck, 1981; Hibberd, 1984; Brimblecombe et al., 1987; Bales, 1991] . Consider a wetting front moving through a homogeneous snowpack with (1) a uniform initial concentration profile, (2) solute initially residing in the immobile liquid phase at concentration C i and in the solid phase at concentration C s , and (3) meltwater generated at the surface at a constant rate. Hibberd [1984] explored two limiting cases influencing the CF of the first meltwater to reach the bottom of the snowpack: (1) where there is no dispersion and where initially immobile water is mobilized and displaced as the wetting front proceeds through the snowpack and (2) where dispersion is sufficiently large that the concentration profile behind the wetting front is uniform. These two cases are equivalent to assuming rapid mixing of mobile and immobile water in packs of infinite and zero depth, respectively. These limiting cases are extended here to include solute residing in the grain interiors that is mobilized when the grains melt.
In the case of no dispersion the solute-laden immobile phase is mobilized and displaced ahead of the infiltrating mobile phase. When the wetting front reaches the bottom of the snowpack, the solute concentration in the water issuing from the pack is equal to the initial concentration in the immobile phase. In the case of no dispersion, the first meltwater issuing from the snowpack is at concentration C i , resulting in a peak concentration factor of
where s is the volume fraction of ice in the snowpack, m is the volume fraction of mobile liquid water, i is the volume fraction of immobile liquid water, d r is the ratio of the densities of ice and water (0.917 at 0ЊC), and c r is the initial ratio of the solute concentrations in the solid and immobile phases. The absence of dispersion produces high CF p , because dilution is minimal.
In the case of large dispersion, CF p is reduced because the solute is diluted by mixing of the high-concentration immobile water with low-concentration meltwater from the snow grain interiors, which yields
Large dispersion produces lower CF p , because dilution is maximized. Figures 8 and 9 are curves generated from equations (1) and (2) for various solute distributions and mobile phase volume fractions. In all cases CF p is lower when c r is greater, because the contribution of solute from grain interiors is greater, and the larger c r is, the less sensitive is CF p to dispersion. Using conductivity rather than ionic concentrations in calculating CF results in a depressed CF due to the contribution of the conductivity from nonionic sources. When there is no dispersion (Figure 8 ), CF p is not very sensitive to m , because no dilution is occurring; conversely, under conditions of large dispersion, the CF p is sensitive to m , because the amount of dilution depends on m . Figure 10 compares curves for zero and infinite dispersion cases for two different initial solute distributions. When no solute resides in the solid phase, CF is more sensitive to dispersion, as indicated by the distance between the upper pair of curves in Figure 10 . Typical ranges of i in ripe Sierran snow are 0.01-0.04, and the total volumetric liquid water content for melting snow ranges up to 0.08 [Kattelmann, 1987 [Kattelmann, , 1991 . Given these ranges of water content and the range of CF p observed at Mammoth Mountain (6 -14), the above relations for CF p suggest that the solute transport process cannot be identified as either dispersion dominated or advection dominated. Hence a realistic model of solute transport in snow must include both advection and dispersion.
At low flow rates, m is small, and in the limit as m approaches zero, the total liquid content approaches i . This has two implications: (1) For the large-dispersion case the largest CF p should occur at low flow rates, and (2) as the flow rate decreases the large-dispersion case converges on the zerodispersion case. The higher CF p observed in 1994 compared to 1992 and 1993 is consistent with the above considerations, because flow rates at the onset of melt during 1994 were lower and CF p higher than in 1992 or 1993. As discussed above, the mild ionic pulse and low flow rates observed in 1995 are not consistent with this hypothesis. In the context of this model the decrease in the diel signal as the season progresses is due to the increase in c r that accompanies the passage of the initial ionic pulse.
Conclusions
The lysimeters that started flowing the earliest tended to receive the largest ion flux and the most pronounced ionic pulse. This appears to be because the earliest meltwater to percolate through the snowpack was redirected by preferential flow paths, either within the snowpack or at the snowpacksubstrate interface. Throughout the four years studied, the rate of ion depletion as a function of ablation was comparable despite interannual contrasts in melt rate and snow accumulation. Deep snowpacks contained higher total ion loads but did not lead to higher peak conductivities than shallower snowpacks, because the longer flow paths through deep snowpacks allowed for dispersive effects to dilute the solute at the wetting front. Three diel patterns in EC were noted: (1) The arrival of the daily meltwater wetting front was accompanied by a sharp decline in EC (flow rate and EC were anticorrelated), (2) the arrival of the wetting front was accompanied by an increase in EC (flow rate and EC were correlated), and (3) there was no discernible diel signal. The diel signal, if present, was most pronounced at the beginning of the melt season and in relatively shallow snowpacks; however, the magnitude and type of the diel pattern did not appear to be mediated by the snow surface energy balance.
Tracer tests using ionic tracers show that both flowcorrelated and flow-anticorrelated diel signals can be artificially produced, and whether the EC signal is flow correlated or flow anticorrelated depends on the progress of the tracer pulse through the snowpack. The first pulse of tracer produced a flow-correlated signal; on subsequent days the arrival of the daily wetting front was associated with a flow-anticorrelated signal. High spatial variability in flow rate and ion flux, coupled with diverse diel patterns, suggests that sampling protocols should include provisions for averaging sufficiently large areas of the snowpack and time-integrating of samples.
Mass balance considerations suggest that the magnitude of the ionic pulse is sensitive to the partitioning of ions between the solid and liquid phases, the volume fractions of the mobile and immobile liquid phases, and the degree to which dispersion reduces the solute concentrations. The highest concentration factors are associated with conditions of low dispersion, low liquid water content (both of which would prevail under low flow conditions), and low solid phase concentrations. The observed concentration factors suggest that numerical modeling efforts should include both advective and dispersive transport processes.
Despite interannual contrasts in melt rate and snow depth, solute depletion as a function of snow ablation was similar from year to year. This suggests that the empirical ion depletion functions developed to describe the ion release process in integrated watershed models [e.g., Wolford et al., 1996; Gherini et al., 1985] will be applicable to years of varying snow accumulation and meteorological conditions. At the watershed scale the observed heterogeneity in solute release will contribute to the strength of the basin-wide ionic pulse, because the earliest water to reach soils and streams will be the highest concentration. This will occur at relatively low flow rates, because the entire snowpack is not yet contributing to stream flow, so the peak concentrations will be relatively undiminished by dilution compared to what they would be in a more homogeneous snowpack flow regime. 
